The size effect of nanoscale silicon in both amorphous and porous silicon was investigated with micro-Raman spectroscopy. Silicon nanostructures in amorphous silicon were deposited on quartz substrates by plasma enhanced chemical vapor deposition (PECVD) with deposition powers of 15, 30 and 50 W. Micro-Raman spectra of the nanostructured silicon show the T 2g Raman active mode shifting from the 521 cm − 1 crystalline Si Raman line to 494, 499 and 504 cm − 1 as deposition power increased. Large Raman mode shifts, up to 27 cm − 1 and broadening up to 23 cm − 1 of the T 2g Raman-active mode is attributed to a phonon confinement effect. The analysis of micro-Raman scattering data is useful to understand the role of deposition condition of the silicon sample. In addition, micro-Raman scattering intensity of porous silicon prepared using various current densities such as 10, 50 and 125 mA/cm 2 has also been investigated. The effect of phonon confinement on the nanoscale porous silicon has been quantified. The relationship between Raman shift and stress on the porous silicon has been evaluated.
Introduction
In recent years the interest in the integration of several renewable energy types for an enhanced overall efficiency, has increased, which makes it even more important to optimize the performance of the individual components [1] . Porous silicon has proved to be an excellent material for optoelectronics and photovoltaic devices. Technological interest in silicon (Si) nanostructures, with sizes of about 2-5 nm that display quantum size effects, arises from their potential applications in silicon based optoelectronics [2] . Si-based nanostructures are fundamentally different from those of the bulk crystalline silicon (c-Si) material and make nanoscale silicon attractive for use in a variety of important technological applications including photonics [3] , thin-film transistors (TFTs), photovoltaic (PV) cells, peripheral circuits of liquid crystal displays (LCDs), and electrodes in Si integrated circuits [4] [5] [6] . For example, the inclusion of nanocrystals in the p-layer of an hydrogenated amorphous silicon (a-Si : H) solar PV cell was found to have optimal open circuit voltage and inclusion of nanocrystals in the i-layer was found to increase a-Si : H PV stability [7] . In addition to that material of porous silicon, nanometer sized silicon crystallites has become the subject of great interest [7] . This is because they exhibit new quantum phenomena due to nano sized silicon crystallites and have favorable applications in optoelectronic devices [8] . During the recent years, nanostructured silicon is a promising key material to establish amorphous-Si (a-Si) based photonics [8] . The most commonly used preparation technique to deposit silicon on quartz is plasma enhanced chemical vapor deposition (PECVD). The structural parameters of the precipitated silicon nanostructures depend strongly on the deposition conditions. Porous silicon is commonly made by electrochemical etching of Si in an electrolyte containing hydrofluoric acid (HF). The nanostructured silicon is very sensitive to etching parameters such as current density, electrolyte composition, temperature and doping. Raman spectroscopy is recognized as a powerful technique for the characterization of silicon nanostructures [9] . Micro-Raman spectroscopy allows identification of the material and yields information about phonon frequencies, electron-phonon interaction, impurity content, composition, crystal structure, crystal orientation and mechanical strain [10] . This study reports on a micro-Raman investigation of nanoscale silicon in amorphous silicon deposited on quartz and porous silicon fabricated by electrochemical etching of crystal silicon. Both the influence of rf power deposition and current density on crystallinity and the effect of compressive stress on porous silicon are analyzed. A phonon confinement model is provided as theoretical basis for understanding the nature of nanostructured silicon and that the model is validated with the experimental results.
Experimental methods

Material synthesis
Amorphous silicon was deposited on quartz substrates by PECVD at a deposition temperature 650 °C using precursor gases of silane (SiH 4 ), argon (Ar) and hydrogen (H 2 ) with flow rate of 50, 30 and 20 cm 3 /min, respectively. The rf deposition power was 15 W, 30 W and 50 W. Porous silicon was prepared with a double cell electrochemical etching system [9] using boron doped monocrystalline silicon (c-Si) (100) oriented wafer with a resistivity of 0.012-0.018 Ω cm. The electrolyte consisted of 40% HF and 60% ethanol by volume. Three sets of samples were fabricated; the first etched at a current density of 10 mA/cm 2 for 30 s, the second set etched at 50 mA/cm 2 for 15 s and the third set etched at 125 mA/cm 2 for 15 s.
Micro-Raman spectroscopy
The micro-Raman spectra were recorded from the top surface of all samples at room temperature using a HORIBA Jobin Yvon LabRam HR 800 spectrometer with a thermo-electrically cooled charge coupled detector (CCD) with a spectral resolution was 0.3 cm − 1
. The Calibration was performed using the 521 cm − 1 band of a pure Si wafer. A 17 mW He-Ne laser (633 nm) focused with a 100X objective to a 1 μm spot diameter was used to excite the silicon. The Raman scattering spectra of silicon/quartz were measured from 400 to 600 cm − 1 wavenumbers. All the measurements were performed in the geometry of back scattering. The Raman signatures of amorphous silicon and porous silicon were uniquely distinguishable for the two sets of samples and they contained no traces of SiO 2 . Origin 8.0 was used to apply Lorentzian curve fits to the Raman active modes of the samples. Figure 1 shows the micro-Raman spectra of a-Si on quartz with various rf deposition powers. An intense Raman line at 521 cm − 1 for a single crystal Si wafer is shown as reference. c-Si, which is cubic in nature, belongs to the crystal symmetry class O h and gives rise to a single triply degenerate Raman active T 2g phonon . This band is due to the first-order longitudinal optical phonon mode (LO) [11] . As seen in the Figure 1 the Raman peak at 504 cm − 1 (50 W) is corresponding to Si-Si longitudinal optical (LO) phonon present in amorphous silicon. Also the broad Raman peaks at 494 (15 W) and 499 cm − 1 (30 W) are correlated to amorphous nature of the Si [12] . Though the spectra reveal an amorphous nature of the silicon, there is a possibility of small grains of crystalline or polycrystalline silicon. All other modes are not Raman active because of symmetry in the face-centered-cubic lattice. However, when the crystalline silicon grain size is as small as a few nm, momentum conservation will be relaxed and Raman active modes will not be limited to the center of the Brillouin zone [13] . Thus, the frequency could shift from 504 to 494 cm − 1 . Below 1 nm, a crystalline to amorphous transition occurs. In Figure 1 Raman mode of Si/quartz reflects short range order and dependence of local bond angles on the phonon density of states. A Lorentzian curve fit for the T 2g Raman active mode of Si/quartz with various deposition powers is shown in Figure 2 . The area and FWHM of T 2g phonon mode of silicon are calculated from the Lorentzian curve fit and are listed in Table 1 . Figure 3 indicates that with increasing deposition power the Raman peak position is shifted towards higher wavenumbers while the FWHM decreases. The appearance of the broad bands indicates amorphous silicon as a disorder in the surface layer of silicon particles is attributed to the amorphous structure. With increasing deposition power, area of the T 2g phonon line of Si/quartz decreases due to grain boundaries. The T 2g phonon line is shifted to lower wavenumbers (red shifted) by about 27 to 17 cm − 1 from that of single crystalline silicon. This appreciable red shift is due to the quantum confinement effect [14] . The Raman spectrum of amorphous silicon arises due to the presence of surface-like Si-Si shearing mode at the grain boundaries [15] . The intensity of the LO phonon mode at 494 cm − 1 is high in comparison with that of phonon mode at 504 cm − 1 . These results indicate that the silicon structures are not totally crystallized even after increasing the rf power. Here, the force and stress are fully relaxed due to the expansion of the Si lattice. The effects of spatial confinement of phonons in small silicon particles have been studied theoretically and experimentally. Ding Wen-Ge et al. reported a size dependent shift ∆ω of the silicon phonon mode with respect to that of crystalline silicon (521 cm − 1 ) [14, 16] , providing the following relation: , γ = 1.44 are fit parameters that describe the phonon confinement in nanometric spheres of diameter D. The size of the Si nanocrystals is determined from the shift of the T 2g optically active phonon mode. The result of applying equation 1-50 W sample shows that the size of the silicon nanocrystal is about 1 nm. The decrease in the size of a silicon crystal in all direction is attributed to the confinement of the spatial wave function of optical phonon [17] .
Results and discussion
Micro-Raman scattering analysis of Si/quartz
The large phonon softening (shift of the phonon mode) is also observed in Figure 1 and this feature is assumed to be the result of size related increase of disorder. The increase of disorder produced by the small particle volume results in breaking the wave-vector Raman scattering selection rule (k = 0) and causes the softening of the phonon mode in the Raman spectra [18] . Hence, the phonon confinement model can be used to calculate the size of silicon nanocrystals. Using this model the first order Raman intensity I(ω) is given by [19- 
where ω(q) represents the phonon dispersion relation for an optical branch of crystalline silicon and 'a' is the lattice constant. Furthermore Γ 0 and ω are the natural line width and wavenumber of Raman line of the crystalline silicon, respectively and L is the crystalline grain size. Figure 4 shows the calculated Raman spectra of silicon with various crystalline grain size (L). As can be seen in Figure 4 , for values of L below 150 nm, the Raman band is shifted towards lower wavenumbers and broadened. Moreover, both band shift and broadening also increases as L decreases. Here the experimental and theoretical Raman T 2g mode of silicon (50 W) is fit satisfactorily, when the crystalline grain size of silicon (50 W) is 1 nm. The crystalline volume fraction can be calculated as follows [22] 
where I c and I a denoted the integrated intensities of the crystalline and amorphous peaks, respectively. The crystalline fraction can be strongly correlated to the grain boundaries of the sample. The value of X c is 56% for silicon (50 W) sample. This indicates that the structure order of Si-Si network in the film is not better due to its grain boundaries [11] . 
Micro-Raman scattering analysis of porous silicon/silicon
Micro-Raman measurements of porous silicon were recorded for two regions of the film: one is dark circled area (porous silicon) and another in the substrate (crystalline silicon). Figure 5 indicates the micro-Raman scattering of porous silicon with different porosity. Here, the Raman signal is obtained in a back scattering geometry from the (100) silicon surface. The phonon modes of silicon are classified as transverse optical phonons (TO) and longitudinal optical phonons (LO). The classification of a phonon in a TO or LO modes depends on the surface of porous silicon from which scattering data are observed. For instance, LO phonons occur for a back scattering from a (100) surface, and TO phonons are created from a (001) surface. This is the reason that some selected Raman modes have been observed by switching the scattering forms and measured surfaces [23, 24] . As shown in Figure 5 , the LO phonon mode of porous silicon around at 522 cm − 1 is seen for the back scattering from the (100) surface. A typical Raman profile of the observed mode of porous silicon is shown in Figure 5 [25] . In Figure 5 the Raman mode is slightly blue shifted about 0.8 cm − 1 for the decrease in porosity as well as decrease in current density. The smaller shift (0.8 cm − 1 ) is due to the presence of more homogeneity of the sample surfaces. It should be pointed out however, Raman features are strongly dependent on the fabrication parameters [19] . The Si-Si optical phonon mode intensity of porous silicon is considerably increased compared with crystalline silicon due to the surface area of porous silicon [26] . The results of this study support this observation as shown in Figure 6 . However, the intensity of the Raman band is also sensitive to the structure of the crystals and as a result, significant information can be obtained from intensity measurements. Generally visible light absorption is reduced in porous silicon compared to crystalline silicon. The formation of pores in silicon is an obvious reason for the increase in light penetration in porous silicon. This is also one of the reasons for the decrease in the layer density of porous silicon. The Raman scattering intensity enhancement of porous silicon is observed because various current densities are utilized. In general, the Raman scattering intensity is proportional to the equilibrium population and inelastic scattering cross-section of phonons in this mode. The peak intensity of the Raman scattering signal from porous silicon is enhanced with the increase of the interaction area [26] . In comparison with crystalline silicon (substrate), the porous silicon surface possesses a dramatically different light absorption and scattering properties that could influence the inelastic scattering cross-section of phonon generated. With increasing surface area, the Raman scattering intensity of porous silicon also increases more than that of crystalline silicon. The phonon confinement model may be used to tune the energy of the emitted light in nanoscale optical devices based on the nanoparticle size and shape. When the size of the particle reduces to the nanometer order, the wave function of optical phonons will no longer be a plane wave. The localization of wave function leads to a relaxation in the selection rule of wave vector conservation. Porous silicon typically forms in a columnar structure on the (100) face of the silicon substrate. This represents a typical two-dimensional quantum confinement. There are silicon nanostructures with a wide distribution of columnar diameters in which the length of the column is not confined. The average size of the confined structures can be determined by the phonon confinement model. For nanocrystals, momentum conservation is no longer valid, since the optical phonons are localized.
According to the phonon confinement model (Equations 2 and 3), the estimated crystalline size L is approximately 40 nm. This crystalline size is found to decrease when current density increases. Using this phonon confinement model it was determined that crystallite size in porous silicon is found to be in the range from 30 to 40 nm, which is good agreement with the value obtained by Selj et al. [27] (Figure 7 ). This leads to the formation of mesopores, whose diameter ranges from 2 to 50 nm. In contrast to expected red shift from the phonon confinement model, the Raman line shape of nanoscale porous silicon shows the considerable blue shift with respect to bulk silicon. This is due to the size dependent compressive stress in nanoscale porous silicon [27, 28] . The compressive stress is induced by the lattice mismatch with Si substrate at the base of porous silicon pillars. This could also be due to the numerous lattice mismatches introduced during the fabrication process of porous silicon and the differences in the elastic constant and the thermal expansion coefficients.
The two major factors which influence the magnitude of the Raman shift to stress co-efficient are the material parameters of the porous silicon and the spatial orientation of the Raman detection [29] . While determining the Raman shift due to the stress co-efficient the transversely isotropic properties of porous silicon have to be considered. It is also known that for the same porosity, each of the Raman shift to the stress co-efficient for the x-y surface is the same as that for the x-z surface. The relation between the stress (σ) and the Raman shift (∆ω) of porous silicon with respect to the porosities is given as follows [23]
where, R po denotes the porous silicon porosity and ∆ω = (ω ps − ω bulk ) (in cm − 1 ), ω ps is the Raman peak of T 2g mode of porous silicon under stress and ω bulk is the Raman peak of T 2g mode of the stress free silicon wafer. The value of compressive uniaxial stress is found to decrease when current density of porous silicon increases which is shown in Table 2 .
SEM analysis of porous silicon/silicon
The SEM image is taken for the porous silicon sample etched at 10 mA/cm 2 for 30 s alone as shown in the Figure 8 . From this we clearly infer the formation of network like structure. The average pore size is 40 nm so it conforms the formation of mesopores silicon. 
Conclusion
The micro-Raman spectra of various forms of nanoscale silicon in both amorphous silicon on quartz and porous silicon have been analyzed to determine the crystalline size of these materials. The silicon LO Raman line around at 521 cm − 1 has been investigated in detail in order to get information on sample nanostructure. The T 2g Raman peak of Si/quartz by PECVD gradually shifts from 504 to 494 cm − 1 and the line width of the Raman scattering signal of these samples are broadened from 16 to 23 cm − 1 with increasing rf deposition power from 15 to 50 W, respectively. These results suggest that the samples are primarily amorphous in nature for deposition power at 15 W and 30 W, but and the nanocrystallinity improves when deposition power is increased to 50 W. The crystallite size of silicon of deposition power at 50 W was found to be 1 nm using phonon confinement model. In addition, the evolution on micro-Raman scattering of porous silicon on silicon substrates formed by an electrochemical etching process in HF/ethanol solution was analyzed. The enhancement of Raman scattering intensity of porous silicon is observed as compared with crystalline silicon substrate. Unfortunately, the shift of Raman peak is small and thus does not provide much promise for optoelectronic application. However, this small shift can be used to deduce the crystalline size and stress of the porous silicon. The porous silicon has nanocrystals in the range of 30-40 nm range as determined by the phonon confinement model. The SEM images also conforms the pores are in the mesopores range. And also compressive stress of nanoscale porous silicon had been calculated. Finally we have obtained better results for nanostructured porous silicon compared with amorphous silicon on quartz substrate using micro-Raman spectroscopic technique.
